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the	molecular	 level	governs	cellular	 systems,	often	misconceiving	 these	emergent	 systems	as	mechanistic	 in	
nature.	 A	 serious	 game	 has	 potential	 to	 facilitate	 conceptual	 change	 by	 enabling	 instances	 of	 productive	




and	 a	 3rd-person	 character	 immersed	 in	 the	 environment.	We	 tested	 first-,	 second-,	 and	 third-year	 biology	
students’	misconceptions	at	the	beginning	and	end	of	the	semester	(n=526),	a	subset	of	whom	played	either	
the	game	(n=20)	or	control	(n=20)	for	30	minutes	prior	to	the	post-test.	
We	 performed	 a	 3x3	 repeated	 measures	 linear	 mixed	 model	 to	 determine	 how	 educational	 level	 (first-,	
second-,	or	third-year	biology)	and	intervention	type	(no	intervention,	simulation,	or	game)	affected	students’	
molecular	 misconceptions	 from	 pre-test	 to	 post-test.	 While	 educational	 level	 did	 not	 have	 an	 effect	 on	
misconceptions,	 the	 intervention	 type	did	 (p<.001).	A	priori	 pairwise	 comparisons	 revealed	 that	participants	
who	were	not	exposed	to	any	intervention	retained	significantly	more	misconceptions	in	comparison	to	those	
exposed	to	the	interactive	simulation	(p=.007)	as	well	as	those	exposed	to	the	game	(p<.001),	while	adjusting	
for	educational	 level.	A	 trending	difference	was	 found	between	 the	simulation	group	and	 the	gaming	group	
(p=.084),	 with	 gamers	 resolving	 more	 misconceptions.	 Analysis	 of	 gameplay	 data	 revealed	 that	 gamers	
experienced	 significantly	 more	 instances	 of	 productive	 negativity	 than	 control-users	 (p<.001)	 and	 that	 a	









concepts,	 such	 as	 concentration	 gradients,	 protein	 specificity,	 or	 cell	 signalling	 cascades,	 and	 how	 these	
mechanisms	may	affect	health	and	disease	outcomes.	However,	 these	misconceptions	are	often	 robust	and	
resistant	 to	 change;	 it	 requires	 that	 the	 student	 recognize	 that	 her	 understanding	 is	 incorrect,	 be	 provided	




gaming	 environments—the	 player	 is	 challenged	 by	 a	 task	 and,	 under	 her	 current	 conception,	 she	 fails	 and	
must	restructure	her	understanding	in	order	to	succeed	(Mitgutsch	&	Alvarado	2012).	Game	design	mechanics	
and	elements	have	potential	 to	 increase	a	student’s	willingness	 to	participate	 in	meaningful	and	 intellectual	
play,	thereby	enhancing	his	or	her	understanding	of	target	content	and	concepts	(Squire	2011;	Steinkuehler	&	








We	 hypothesized	 that	 1)	 serious	 game	 mechanics	 would	 help	 students	 achieve	 conceptual	 change	 about	






Participants	were	undergraduate	 students	enrolled	 in	 first-	 (n=292),	 second-	 (n=209),	 and	 third-	 (n=34)	 year	
biology	 at	 the	 University	 of	 Toronto	 Mississauga.	 In	 the	 first-year	 course,	 molecular	 concepts	 are	 not	
specifically	covered,	so	these	students	represent	novice	learners	with	high	school-level	education.	The	second-
year	 course	 is	 where	 students	 are	 first	 introduced	 to	 molecular	 phenomena	 (e.g.	 vesicle	 formation,	 RNA	
translation),	many	of	which	appear	in	our	game	and	simulation,	making	these	second-year	students	a	suitable	




MolWorlds	 is	a	 simulation-based,	platform-genre,	 role-playing	game	designed	and	developed	by	 the	Science	





trying	to	find	a	way	home.	The	game	has	13	 levels	 in	the	current	prototype;	a	3-level	version	was	piloted	 in	
2015	and	is	described	by	Gauthier	&	Jenkinson	(2015).	
The	 overall	 design	 of	 the	 game	was	 based	 on	 the	 concepts	 of	 evidence-centred	 design	 (Mislevy	 &	 Haertel	
2006)	and	the	learning	mechanics-game	mechanics	model	(Arnab	et	al.	2014).	Specific	game	mechanics	were	
implemented	to	directly	encourage	conceptual	change:		
1. Resource	management:	Players	have	to	search	for	and	collect	 the	 items	 in	their	 inventory	and	can	only	
carry	five	molecules	of	each	type	at	a	time.	Having	put	effort	into	doing	this,	the	player	is	more	likely	to	
release	 only	 one	 molecule	 at	 a	 time,	 thereby	 decreasing	 the	 chance	 of	 a	 quick	 binding	 event	 and	
increasing	 the	 likelihood	 of	 eliciting	 productive	 negativity.	 This	 idea	 was	 inspired	 by	 the	 concept	 of	
subversive	game	design	(Mitgutsch	&	Weise	2011).	Further,	temperature	and	crowding	are	controlled	by	
power-ups	 found	 in	 the	 game	 world,	 so	 the	 player	 must	 pick	 the	 most	 opportune	 times	 in	 which	 to	
employ	these.	




3. Sequential	 level	 progression:	 The	 player	 can	 only	 progress	 once	 a	 level	 is	 successfully	 completed,	 thus	
optimizing	the	probability	that	correct	system-modifying	mechanics	will	be	used	(of	course,	the	molecular	
world	is	random,	so	some	chance	exists	that	they	will	progress	without	conceptual	change	occurring).		
4. Score	and	 feedback:	 The	more	quickly	a	player	moves	 through	 the	 level,	 the	higher	 the	 score,	which	 is	
reflected	by	a	three-star	system	at	the	end	of	every	level.	This	is	intended	to	encourage	repetition	and,	if	
level	completion	was	due	to	random	chance,	another	opportunity	for	conceptual	change.	
MolSandbox	 excludes	 these	 game	 mechanics.	 Figure	 1	 depicts	 screenshots	 from	 levels	 6	 and	 7	 from	 both	
stimuli	 to	 facilitate	 comparison.	 Though	MolSandbox	 still	 has	 an	 inventory	 menu,	 items	 are	 automatically	
		
replenished	 for	 each	 simulation,	 thus	 removing	 the	 resource-management	 component.	 Additionally,	
temperature	 and	 crowding	 are	 adjusted	 with	 gauges	 without	 restrictions	 on	 usage	 (instead	 of	 power-ups	
contained	 in	 the	 game).	 The	objective	 in	 each	 “sandbox”	 simulation	mirrors	 the	objective	of	 the	 game,	 but	
without	the	immersed	character.	For	example,	 in	level	6	where	a	MolWorlds-player	would	have	to	move	the	
character	through	a	ligand-gated	membrane	channel	to	reach	the	checkpoint	(Figure	1-A,	left),	a	MolSandbox-





the	 character	 through	 the	 ligand-gated	membrane	 channel	 to	 the	 checkpoint;	 Right:	 Level	 7	which	 involves	
clathrin-coated	vesicle	 formation	 to	 transport	 the	character	across	 the	membrane.	B)	MolSandbox	 (control)	
representing	the	same	level	as	those	in	MolWorlds	above.	
2.2.2 Demographics	questionnaire	
A	web-based	demographics	questionnaire	was	 administered	at	 the	pre-test	 (week	2)	 that	 collected	data	on	
age,	 gender,	 biology	 courses	 completed,	 self-reported	 grade-point	 average	 (GPA),	 mobile	 gaming	 habits	 as	




and	 evaluated	 a	Molecular	 Concepts	 Adaptive	 Assessment.	 The	 survey	 is	 a	 web-based,	 adaptive,	 multiple-
choice	test	that	assesses	understanding	of	complex	molecular	motion,	interactions,	and	systems.	For	example,	
one	 identified	misconception	 was	 that	molecules	 (e.g.	 extracellular	 ligands)	 have	 some	 sort	 of	 agency	 and	
objectives	 in	 that	 they	 actively	 seek	 out	 complementary	 receptors.	 The	 first	 survey	 question	 asks	 “True	 or	
False:	 An	 extracellular	 molecule	 tries	 to	 move	 toward	 a	 complementary	 receptor.”	 If	 the	 student	 answers	





is	 more	 direct	 when	 it	 has	 been	 activated	 (e.g.	 by	 phosphorylation),	 whereas	 its	 path	 of	 motion	 is	 more	
random	 when	 it	 is	 inactive”.	 Further,	 if	 the	 student	 is	 able	 to	 correctly	 identify	 random	 collisions	 as	 the	
mechanism	 of	 molecular	 motion,	 the	 survey	 questions	 about	 what	 factors	 might	 affect	 the	 probability	 of	
binding	events	occurring.	A	maximum	of	12	misconceptions	are	possible.	
2.2.4 Attitudes	and	engagement	questionnaire	
In	 order	 to	 gauge	participants’	 perceived	engagement	with	 the	 stimuli,	 a	 subset	 of	 10	 statements	 from	 the	








the	 Winter	 2016	 semester.	 The	 Molecular	 Concepts	 Adaptive	 Assessment	 survey	 and	 the	 demographics	




participants	 were	 randomized	 to	 engage	 either	 with	 the	 game,	MolWorlds,	 or	 the	 interactive	 simulation,	








year	 students,	 with	 357	 females,	 132	 males,	 and	 2	 individuals	 with	 undisclosed	 gender.	 The	 final	 control-
stimulus	 group	 (n=20)	 consisted	 of	 7	 first-years,	 7	 second-years,	 and	 6	 third-years,	 with	 an	 average	 age	 of	





observed	 differences	 in	 learning	 could	 be	 attributed	 to	 the	 stimuli	 themselves.	 Mann-Whitney	 U	 tests	
comparing	gaming	habits	revealed	no	significant	difference	in	either	mobile	gaming	habits	(U=186.50,	Z=-0.35,	
p=.729)	 or	 platform/desktop	 gaming	 habits	 (U=198.00,	 Z=-0.056,	 p=.955).	 Further,	 t-tests	 were	 used	 to	
compare	continuous	variables	of	self-reported	GPA	(t(1,33)=-1.12,	p=.271)	and	expected	grade	(t(1,38)=0.97,	




The	 Molecular	 Concepts	 Adaptive	 Assessment	 was	 marked	 for	 incorrect	 responses	 (i.e.	 misconceptions);	
therefore,	higher	scores	indicate	negative	outcomes.	On	the	pre-test,	the	baseline	group	recorded	a	mean	5.87	























Figure	 3:	 Estimated	 marginal	 mean	 misconceptions	 (recorded	 on	 the	 Molecular	 Concepts	 Adaptive	




simulation	 (p=.007,	 95%	CI[0.45,	 2.82])	 as	well	 as	 those	 exposed	 to	 the	 serious	 game	 (p<.001,	 95%	CI[1.85,	














No	 differences	were	 observed	 in	molecule-collection	 events	 (t(38)=1.34,	p=.187),	 while	 control	 participants	





correct	 conceptual	 knowledge	 (Table	 1)	 by	 a	 coder	 who	 was	 blinded	 to	 the	 participants’	 demographic	
information	 and	 responses	 to	 the	 Molecular	 Concepts	 Adaptive	 Assessment.	 A	 demonstration	 of	 correct	
conceptual	knowledge	was	identified	as	a	series	of	actions	wherein	the	user	made	appropriate	adjustments	to	
the	simulation	(i.e.	in	concentration,	temperature,	or	crowding)	in	order	to	complete	the	objective	at	hand.	For	
example,	 in	the	9th	 level,	 the	objective	 is	 to	open	a	 ligand-gated	membrane	channel	 (and,	 in	MolWorlds,	get	
the	 character	 to	 the	other	 side);	 in	 this	 area,	 there	also	exists	 an	enzyme	 that	will	 degrade	 the	 ligand	once	
released;	 to	 achieve	 the	 goal	 more	 efficiently,	 the	 user	 could	 balance	 reducing	 the	 concentration	 of	 the	
enzyme,	increasing	the	concentration	of	the	ligand	(and	possibly	an	inhibitor)	and	increasing	the	temperature.	




knowledge.	For	example,	the	6th	 level	(Figure	1,	 left)	also	requires	the	opening	of	a	 ligand-gated	channel	but	
without	the	presence	of	other	obstacles;	under	a	misconception	of	molecular	agency	or	directed	motion,	the	
user	might	release	a	single	ligand,	expecting	it	to	bind	immediately;	when	they	see	that	it	does	not,	they	may	
then	 increase	 the	 concentration	 of	 the	 ligand	 in	 the	 environment	 to	 heighten	 the	 probability	 of	 a	 binding	
event.	 This	 example	 would	 have	 been	 coded	 as	 one	 instance	 of	 productive	 negativity,	 followed	 by	 one	
demonstration	of	correct	conceptual	knowledge	once	the	concentration	is	increased.	
T-tests	 reveal	 that	 the	 game	 elicited	 more	 instances	 of	 productive	 negativity	 than	 did	 the	 interactive	
simulation	 (t(26.67)=5.00,	 p<.001,	 95%	 CI[1.47,	 3.53]),	 but	 the	 interactive	 simulation	 elicited	 more	
demonstrations	of	correct	conceptual	knowledge	than	the	game	(t(38)=3.17,	p=.003,	95%	CI[2.53,	11.47]).	
In	order	to	test	our	second	hypothesis,	we	calculated	a	productive	negativity	impact	rate	for	each	participant	
by	 dividing	 the	 number	 of	 demonstrations	 of	 correct	 conceptual	 knowledge	 by	 the	 number	 of	 productively	
negative	 events—in	 essence,	 the	 quality	 of	 the	 productively	 negative	 events.	 In	 the	 gaming	 group,	 each	
productively	negative	event	was	associated	with	a	mean	2.47	(SD=1.16)	demonstrations	of	correct	knowledge	












Min	 Max	 Mean	(SD)	 Min	 Max	 Mean	(SD)	
Levels	attempted	 13	 53	 32.60	(10.34)	 7	 22	 11.25	(4.01)	
Levels	completed	 8	 29	 17.95	(6.71)	 6	 14	 8.50	(1.93)	
Minutes	per	attempted	level	 0.57	 2.31	 1.03	(0.40)	 1.36	 4.29	 2.91	(0.78)	
Unique	completed	(out	of	13)	 8	 13	 11.15	(1.72)	 6	 9	 7.50	(1.10)	
Molecule	collection	events	 38	 237	 122.20	(59.85)	 36	 224	 99.10	(48.33)	
Molecule	release	events	 10	 73	 40.70	(15.04)	 8	 41	 20.80	(9.97)	
Temperature	modification	 22	 217	 93.40	(49.90)	 3	 38	 14.50	(9.93)	
Crowding	modification	 3	 7	 3.45	(0.99)	 2	 15	 5.00	(3.38)	
Productive	negativity	 0	 3	 1.15	(0.93)	 0	 8	 3.65	(2.03)	
Correct	conceptual	knowledge	 9	 37	 17.65	(6.87)	 3	 34	 10.65	(7.10)	
Quality	of	productive	negativity	 0	 28	 9.86	(8.27)	 0	 4.86	 2.47	(1.16)	
3.4 Bivariate	relationships	
3.4.1 Relationship	between	gameplay/usage	statistics	and	misconceptions	
We	 used	 two-tailed	 Pearson	 correlations	 to	 determine	 if	 a	 relationship	 existed	 between	 post-test	
misconceptions	 and	 the	 usage	 statistics	 listed	 in	 Table	 1.	 For	 the	 control	 group,	 we	 found	 a	 negative	
correlation	between	post-test	misconceptions	and	breadth	of	app	completion	(r=-0.66,	p=.003).	That	is,	as	the	





0.42,	 p=.066).	 In	 other	 words,	 as	 productively	 negative	 events	 resulted	 in	 more	 demonstrations	 of	 correct	
conceptual	knowledge,	misconceptions	went	down	for	game-players.	Game	score	also	did	not	correlate	with	




self-reported	 engagement	 and	misconceptions.	 In	 the	 control	 group,	 a	 positive	 correlation	 existed	 between	





This	 research	 empirically	 shows	 that	 a	 serious	 game	 successfully	 facilitated	 conceptual	 change	 about	 the	
emergent	 nature	 of	 molecular	 environments	 in	 undergraduate	 students,	 beyond	 standard	 education.	 In	
addition,	 the	 RCT	 attempted	 to	 highlight	 the	 specific	 contribution	 of	 game	 mechanics	 (namely	 resource	
management,	an	 immersed	3rd-person	character,	score,	and	sequential	 level	progression)	by	comparing	 it	 to	





may	 be	 due	 to	 the	 quality	 of	 productively	 negative	 experiences	 elicited	 in	MolWorlds.	 As	 intended	 by	 the	
design	 (refer	 to	 section	 2.2.1),	 the	 game	encouraged	 greater	 numbers	 of	 productively	 negative	 experiences	
through	 to	 its	 mechanics.	 Therefore,	 players	 were	 1)	 more	 likely	 to	 exhibit	 behaviour	 reflective	 of	 their	
misconceptions	 (e.g.	 releasing	a	single	molecule	under	 the	conception	of	directed	motion),	 thus	confronting	
their	misconception	when	their	progress	is	hindered;	and	2)	forced	to	re-evaluate	their	mental	model	if	they	
want	 to	 progress,	 both	 physically	 in	 the	 level	 and	 through	 the	 game.	 Thus,	 as	 the	 quality	 of	 productively	
negative	 events	 (i.e.	 the	 number	 of	 demonstrations	 of	 correct	 conceptual	 generated	 by	 each	 instance	 of	
productive	 negativity)	 increased,	 the	 number	 of	 post-test	 misconceptions	 decreased—though	 only	










However,	more	 advanced	 and	 complex	 simulations	were	often	passed	over	when	 the	outcome	 (e.g.	 vesicle	
formation	 or	 translation)	 was	 not	 immediately	 achieved;	 those	 participants	 who	 made	 the	 effort	 to	 work	
through	 and	 experiment	 in	 these	 more	 complex	 “sandboxes”—thus	 achieving	 greater	 breadth	 of	 app	
completion—met	with	better	outcomes	on	the	post-test.	On	the	other	hand,	game	players	were	less	likely	to	
revisit	very	simple,	early	levels	as	more	effort	was	placed	in	progressing	through	the	game,	leading	to	stronger	
correlations	 between	 level	 completions	 and	 misconceptions.	 Further,	 no	 relationship	 is	 seen	 between	
misconceptions	 and	 the	 quality	 of	 productively	 negative	 events	 in	 the	 control	 group,	 suggesting	 that	 the	
demonstrations	of	correct	conceptual	knowledge	resulting	from	these	events	are	not	necessarily	reflective	of	
learning	outcomes	and	may	be	due	to	random	experimentation.	



















Most	 undergraduate	 biology	 students	 fail	 to	 comprehend	 how	 random	mechanisms	 at	 the	molecular	 level	
might	 lead	to	perceptually	efficient	cellular	processes,	misconceiving	these	events	as	directed	in	nature.	This	
randomized	 control	 trial	 documents	 conceptual	 change	 via	 a	 serious	 game	 and	 interactive	 simulation	 in	 a	
population	whose	misconceptions	 otherwise	 remain	 robust	 to	 change.	We	 observed	 that	 game	mechanics,	
such	 as	 resource	 management,	 an	 immersed	 character,	 and	 sequential	 level	 progression,	 helped	 to	 elicit	
conceptual	 change	 beyond	 the	 interactive	 simulation	 by	 encouraging	 a	 greater	 number	 of	 productively	
		
negative	 events	 that	 compelled	 the	 player	 to	 re-evaluate	 their	 understanding	 and	 make	 appropriate	
adjustments	to	the	game	world	in	order	to	progress.		
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